Abstract The ocean heat transport into the Arctic and the heat budget of the Barents Sea are analyzed in an ensemble of historical and future climate simulations performed with the global coupled climate model EC-Earth. The zonally integrated northward heat flux in the ocean at 70°N is strongly enhanced and compensates for a reduction of its atmospheric counterpart in the twenty first century.
into the Arctic is a likely source for Arctic temperature amplification (Spielhagen et al. 2011) . However, changes in the ocean transports are more difficult to detect due to large variations on long time scales and sparse observations in space and time. Polyakov et al. (2004) showed that the Atlantic water masses in the Arctic are dominated by low frequency variations at timescales of 50-80 years. They also showed a close connection of these variations with sea ice and atmospheric. Analyses by Dickson et al. (2000) indicated a close relation of interannual to decadal variations of ocean heat and volume fluxes to large scale atmospheric patterns like the North Atlantic Oscillation/ Arctic Oscillation (NAO/AO). However, more recent studies by Goosse and Holland (2005) and Semenov (2008) showed that the relation between NAO and ocean fluxes vary with time.
Variations of the inflowing Atlantic water into the Barents Sea affect Arctic climate variability (Furevik 2001; Sandø et al. 2010) . Semenov et al. (2009) and Bengtsson et al. (2004) argued that enhanced ocean heat transport into the Barents Sea leads to reduced ice, enhanced oceanic heat release and locally reduced pressure. This feeds positively back on the oceanic heat inflow and can result in dramatic changes in the Barents Sea region and contributes to amplified climate change in the Arctic. A number of other studies showed a similar positive feedback in the Barents Sea (Å dlandsvik and Loeng 1991; Ikeda 1990; Goosse et al. 2003; Goosse and Holland 2005) . Results from a regional Arctic Ocean model study by Karcher et al. (2003) suggested that the inflow of Atlantic warm water into the Arctic is no steady process but occurs in the form of events and is triggered both by temperature anomalies and velocity anomalies of the inflowing water.
Observations (e.g. Skagseth et al. 2008 , Dmitrenko et al. 2008 indicate an increase in the ocean heat transport into the Arctic through Barents Sea. Å rthun et al. (2012) and Schlichtholz (2011) related this increase to the recent sea ice reduction in the Barents Sea. Most of the inflowing ocean heat through the Barents Sea Opening is given to the atmosphere in the Barents Sea (Å rthun and Schrum 2010; Smedsrud et al. 2010) , here the heat flux can reach up to 500 W/m 2 (Häkkinen and Cavalieri 1989) . The warm surface waters are cooled down, become heavy and form the relatively warm intermediate layer in the Arctic Ocean. These warm Atlantic waters are separated from the surface by a cold and fresh surface layer in the Arctic and have no contact to the surface in the interior of the Arctic (Aagaard et al. 1981; Rudels et al. 1996) . Changes in the water mass constitutions might have severe consequences for the entire Arctic climate system. Woodgate et al. (2006) analyzed ocean heat, volume and freshwater transports through the Bering Strait between 1990 and 2005. They showed high interannual variability with the largest heat transports at the end of the time series due to both warmer waters and larger volume flux. Since the inflowing water has rather low density an increase in heat transport through the Bering Strait might have severe consequences for sea ice melt. Shimada et al. (2006) found that increased temperatures of the Arctic Pacific surface waters in the late 90 s were followed by a marked decrease in sea ice in the Pacific Arctic sector.
In a recent article, Vavrus et al. (2012) showed a strong warming of the Arctic Ocean, with a maximum of 2.5 K at about 400 m, until the end of the twenty first century in RCP8.5 scenario simulations with CCSM4. They identified the warming of the inflowing Atlantic water through Barents Sea as the main reason for the warming of the intermediate layer. Koenigk et al. (2013) (hereafter referred to as KEA13) found the largest sea ice and atmospheric temperature changes of the Arctic in the Barents Sea together with strongly enhanced ocean heat transport into the Barents Sea in future scenario simulations with ECEarth.
This study analyzes variability and trends of the ocean heat transports into the Arctic in detail in both historical and future scenario simulations with EC-Earth. Particularly, we seek to investigate the role of the ocean heat transport into the Barents Sea for the large sea ice reduction and atmospheric changes found in EC-Earth by KEA13.
The study is organized as follows. After this introduction, the model and the simulations are described. Section 3 presents the results from the model simulations, starting with the large-scale northward heat transports followed by more detailed analyses of the ocean volume and heat transports through the Arctic Straits and the analysis of the heat budget of the Barents Sea. Section 4 provides a summary and conclusions from this study.
Model and simulations

Model description
The model used in this study is the global coupled climate model EC-Earth (Hazeleger et al. 2010) . The Integrated Forecast System (IFS) of the European Centre for Medium Range Weather Forecasts (ECMWF) constitutes the atmosphere component and the Nucleus for European Modelling of the Ocean (NEMO), developed by the Institute Pierre Simon Laplace (IPSL), the ocean component (Madec 2008) . Here, we used the model version 2.3, which has been used for all Coupled Model Intercomparison Project phase 5 (CMIP5)-simulations with EC-Earth.
The atmosphere component is used at a T159 spectral resolution with 62 vertical levels. It is based on cycle 31r1 of IFS, but includes some improvements from later cycles.
The most important improvements are the convection scheme by Bechtold et al. (2008) , the land surface scheme H-TESSEL (Balsamo et al. 2009) , and a new snow scheme .
NEMO, the ocean component, uses the so-called ORCA1 horizontal grid configuration which has a resolution of about 1degree (with a refinement of the grid at the equator) and runs on 42 vertical levels. ORCA is a family of tri-polar grids with poles located over northern North America, Siberia and Antarctica. The version used in ECEarth v2.3 is based on NEMO version 2.0 and includes the Louvain la Neuve sea-ice model version 2 (LIM2, Morales Maqueda 1997, Bouillon et al. 2009 ), which is a dynamic-thermodynamic sea-ice model.
The atmosphere and ocean/sea ice parts are coupled through the OASIS (Ocean, Atmosphere, Sea Ice, Soil) coupler (Valcke 2006) .
The climate of the model in present-day and preindustrial control simulations is described in more details by Sterl et al. (2012) and Hazeleger et al. (2012) . An overview of Arctic climate of the twentieth and twenty first century as simulated by EC-Earth is presented by KEA13.
Scenario simulations
An ensemble of historical simulations and future simulations (2006-2100) based on forcing schemes suggested by the CMIP5 was performed with EC-Earth. An ensemble of three historical twentieth century simulations was obtained by initializing from different times of a long pre-industrial simulation with EC-Earth. Each of these historical simulations was continued with two different twenty first century simulations, based on the Representative Concentration Pathways (RCP) 4.5 and 8.5 emission scenarios. One RCP2.6 simulation was also performed starting from one of the three historical simulations. These are the same simulation as used in KEA13.
In the following sections, ensemble means are used if nothing else is stated. Note that only one RCP2.6 scenario simulation was performed.
Furthermore, we often use detrended data to calculate correlations between variables and analyse the natural variability of the system. Hereby, the problem arises that the trend changes with time in the period 1850-2100. On the other hand, natural variations in heat and volume fluxes are subject to multi-decadal variations. Thus, subtracting running mean trends of shorter time periods might lead to uncertainties as well. Most heat and volume fluxes in ECEarth show two periods with obvious differences in trends: 1850-1950 and 1950-2100. 1850-1950 shows more or less constant fluxes while after 1950 substantial trends occur. We calculated thus linear trends separately for the periods 1850 -1950 and 1950 -2100 .2, we compare correlations in the historical period with those of the period 2050-2099. Here, we calculate trends for the periods 1850-1950, 1950-2005 and 2050-2099 separately and subtract the trends from the original time series.
Results
Heat transport into the Arctic
The total heat transport into the Arctic (atmosphere ? ocean heat transport) is dominated by the atmospheric transport (Fig. 1) . The atmospheric heat flux to the north across 70°N has been calculated as residuum of the integrated (over 70-90°N) net top of the atmosphere radiation and net surface heat fluxes. When it comes to the ocean, we used two different approaches to calculate the northward ocean heat transport: First, it is calculated as residuum of the integrated surface fluxes and the change in ocean heat content north of 70°N. Second, we estimate it by calculating the product of velocity across 70°N, the difference of ocean temperature to a reference temperature (Tref), the density of the water mass and the specific heat capacity of the water. Similar to most other studies, we use 0°C as reference temperature. In the following, we will use the second method. However, the results from both methods give a similar value for the northward transport across 70°N of about 0.17PW and annually averaged values are correlated with 0.95. The ocean heat transport across 70°N is almost totally dominated by the heat transport in the Atlantic in EC-Earth. Observational based estimates by Oliver and Heywood (2003) showed a transport of 0.2 ± 0.08PW across a section at approximately 70°N between Greenland and Norway.
The atmospheric heat transport across 70°N in EC-Earth is almost 10 times larger than the ocean heat transport and reaches about 1.6PW at the end of the twentieth century. However, the standard deviation of annually averaged values is\2 times larger for the atmospheric transport than the oceanic transport; decadal variations of the heat fluxes are of the same size. The decadal anomalies are often canceling out each other. This feature is known as Bjerknes compensation (Bjerknes 1964) and has recently been analyzed in modeling studies by van der Swaluw et al. (2007) and Jungclaus and Koenigk (2010) . Van der Swaluw et al. (2007) defined a compensate rate (CR) in percentage of the maximum local total northward transport. The CR is 31 % in our twentieth century simulations at 70°N, which compares to a CR of 55 % at 70°N in HADCM3 ( Van der Swaluw et al. 2007 ) and 33 % in ECHAM5/MPIOM (Jungclaus and Koenigk, 2010) . The correlation coefficient between 10-year running means of detrended ocean and atmospheric heat transports reaches -0.72 in EC-Earth, Ocean heat transport into the Arctic 3103
while it is -0.62 and -0.8 in ECHAM5/MPIOM and HADCM3, respectively. We found the highest correlation when the ocean heat transport leads the atmospheric heat transport by about 2 years. The correlation between decadal variations in the ocean heat flux across 70°N and the Arctic air temperature at 2 m height (T2m), averaged over 70-90°N reaches 0.62 when the heat transport leads by 3 years. The highest correlation between atmospheric heat transport and Arctic T2m is 0.65 at a lag of 1 year.
In the twenty first century, the atmospheric heat transport to the north is reduced. This reduction is compensated by an increase in the ocean heat transport, which reaches about 0.3PW in the RCP8.5 at the end of the twenty first century. Decadal anomalies of the ocean heat transport are large also in the twenty first century and the three realizations based on the same emission scenario deviate a lot from each other. The CR in the twenty first century remains almost unchanged (CR = 0.29 for RCP4.5 and 0.32 for RCP8.5 for detrended decadal means averaged over indicating that the Bjerknes compensation is not substantially changing in our model.
Volume and heat transports through Arctic Straits
This section discusses changes and variations of the volume and heat fluxes through the Arctic Straits more in detail. We used the following sections as openings for the Arctic Ocean: Barents Sea Opening (here we used a section between Svalbard and the Kanin Peninsula at about 68.5°N and 45°E as done in KEA13), Fram Strait (at about 80°N), Canadian Archipelago (Lancaster Sound and Smith Sound) and Bering Strait (at 66°N). Thereby, we used hydrographic sections which are either zonal or meridional on the ocean model grid and calculated the volume flux as spatial integral of the normal component of the velocity across the section and the heat flux as product of velocity and heat capacity of the water as described before. Again, we use 0°C as reference temperature. The mean heat fluxes depend on Tref but changes in the fluxes and heat budgets are insensitive to changes in Tref.
In all our simulations, regardless of the future scenario, the volume flux through the Bering Strait is relatively constant and corresponds roughly to an input of about 1.4 Sv into the Arctic Ocean (Fig. 2a) . We find a net outflow through Fram Strait of about 2.3 Sv and a net inflow through the Barents Sea Opening of roughly 2.7 Sv in the period 1980-2000. The outflow through the Canadian Archipelago sums up to 1.9 Sv in our model. These values compare relatively well to observational estimates of about 2 Sv through the Barents Sea Opening (Skagseth 2008) , -2 Sv through Fram Strait (Schauer et al. 2008) , -1.3 Sv through the Canadian Archipelago (-0.7 through Lancaster Sound (Melling et al. 2008 ) and -0.57 though Nares Strait (Münchow and Melling 2008) ) and 0.8 Sv through Bering Strait (Woodgate and Aagaard 2005) .
In the twenty first century, the Arctic Ocean tends to import less water northward through the Greenland- Fig. 1 Norway section (not shown) and-since Bering Strait flow remains roughly constant-tends to export less water southward through the Canadian Archipelago. However, significantly more water flows northward through the Barents Sea Opening, which is overcompensated by more water leaving southward through the Fram Strait. The sum of all fluxes is negative with about -0.1 Sv, which is balanced by river runoff and a positive P-E balance over the Arctic Ocean (KEA13). In the RCP8.5 scenario simulations, the changes in the flows through the Barents Sea Opening and the Fram Strait are slightly more amplified than in the RCP4.5 simulations.
The total heat transport into the Arctic Ocean sums up to about 50TW (20TW into the Barents Sea and 15TW each through Fram Strait and Canadian Archipelago) at the end of the twentieth century (Fig. 2b) . The ocean heat transport through Fram Strait seems to be somewhat underestimated compared to observations of 30-40TW by Schauer et al. (2008) while the transport into Barents Sea is relatively well simulated. In addition to our Barents Sea Opening connecting Svalbard with the Kanin Peninsula we calculated also the heat flux across a line connecting Svalbard and northern Norway for better comparison with observational results. The heat flux across this line reaches about 50TW and is thus 30TW larger than across the line Svalbard-Kanin Peninsula. However, the correlation between the two heat fluxes is nearly one and the offset of 30TW remains almost constant throughout the entire twenty first century. The range of the estimated heat transport into the Barents Sea based on observations is large and varies between around 30 and 160TW (Hopkins 1991; Simonsen and Haugan 1996) . Recent estimates by Skagseth (2008) indicate a heat transport of about 50TW and high resolution model results by Aksenov et al. (2010) 60TW. However, comparison to observations is difficult since observational time series are short and not exactly at the same sections as in our model study.
In the twenty first century, the total heat inflow into the Arctic is strongly increased, mainly due to increased heat transport into the Barents Sea (Fig. 2b ). The differences between RCP4.5 and RCP8.5 simulations are much larger for the heat flux than for the volume flux into the Barents Sea, indicating that mainly temperature increase is responsible for these differences.
In this study, we extend the results from KEA13 by investigating the variability and trends of the simulated heat fluxes. For this purpose we divided the heat fluxes into anomalies related to temperature anomalies (T 0 V), volume flux anomalies (V 0 T), and the product of temperature and volume flux anomalies (V 0 T 0 , Fig. 3 ). The anomalies are calculated in reference to the mean of the time period 1980-1999 (T, V).
The heat transport through Barents Sea grows substantially already in the twentieth century. The increase of heat transport is mainly due to a warming of the inflowing water (T 0 V) into the Barents Sea. However, also increasing volume flux (as also seen in Fig. 2a ) contributes to a smaller part (V 0 T). T 0 V and V 0 T are positively correlated and consequently, T 0 V 0 is positive before the reference period and gradually reduced during the twentieth century. The interannual variations of the three components are of similar size in the twentieth century.
In the twenty first century, a strong increase in both T 0 V and T 0 V 0 can be seen. The increase in V 0 T is comparatively small. The warming of the inflowing water governs the large increase in the ocean heat transport into the Barents Sea in the twenty first century but still, the components are highly positively correlated to each other. The stronger the emission scenario the larger the heat fluxes. Similar to our results, measurements of the heat flux variations in the Norwegian Atlantic Current by Orvik and Skagseth (2005) indicate that the observed trend in their time series is dominated by temperature anomalies. However, while our model results indicate that volume flux and temperature anomalies are to the same extent responsible for interannual variations of the ocean heat transport, they found variations in the volume flux as main reason. The trend and the variability of the heat transport through Fram Strait are mainly governed by volume flux changes (V 0 T) in the twentieth century. Volume flux anomalies lead to a substantial increase in the heat transport until about 2050, thereafter the increase is leveled out or even slightly decreased (see Fig. 3b ). The impact of temperature variations are small until the middle of the twenty first century but are contributing to decreasing heat transports thereafter. This is mainly caused by a warming of the southward, outflowing, surface near water masses. As long as temperature is below Tref, the outflowing water is contributing to heat inflow into the Arctic Ocean. This changes as soon as the water temperature increases and exceeds Tref.
The variations of T 0 V 0 become large at the end of the twenty first century due to large anomalies in both T and V compared to the period 1980-1999.
Variations of the heat transport through the Canadian Archipelago are mainly governed by the volume flux through the archipelago. The temperature is below 0°C, which means that the outflowing water constitutes a source of heat for the Arctic Ocean. Temperature variations are small and play a minor role in the twentieth century. In the twenty first century, temperature increases and comes close to Tref, so that the outflowing water is not any longer a large source of heat for the Arctic. Also the volume flux out of the Arctic through the Canadian Archipelago is reduced. Consequently, the northward ocean heat transport through the Canadian Archipelago is reduced in the twenty first century. The transport variations are still dominated by variations of the volume flux.
The behavior of the heat transport through Bering Strait resembles that into Barents Sea: in the twentieth century, variations in velocity and temperature contribute equally to the total heat transport variations while in the twenty first century, it is mainly the temperature increase that leads to enhanced total heat transport through Bering Strait. However, the increase is small compared to the increase of heat transport into the Barents Sea.
In the following, we concentrate our analysis on the ocean heat transport into the Barents Sea since it shows by far the largest signal in future (Fig. 2b) and has the potential to strongly affect Arctic climate change. Figure 4 shows the correlation patterns of the Barents Sea heat transport components with sea level pressure (SLP), 2 m air temperature (T2m) and sea ice thickness. A reduction of SLP over the Iceland-Greenland area and an increase over parts of Europe and the North Atlantic together with a strong SLP gradient across the Barents Sea Opening are connected to positive anomalies in the total heat transport, in V 0 T and T 0 V. This pattern is connected to enhanced south-westerly winds in the Nordic Seas and increases the volume flux into the Barents Sea, which fits well to observations by Skagseth et al. (2008) and model results by Goosse and Holland (2005) . At the same time, warmer than normal water masses are transported northward into the Barents Sea. Obviously, the same atmospheric circulation pattern is leading to increased temperature and increased velocity of the water masses. This explains why the total Barents Sea heat transport, V 0 T and T 0 V are all highly correlated with each other. However, the correlation pattern is slightly more pronounced for V 0 T at lag 0 than for T 0 V. This is opposite when SLP leads by 1 year: the correlation is still high for T 0 V but strongly reduced for V 0 T. The reason is that the velocity of the water masses, particularly at the surface, is rapidly responding to increased south westerly winds, while it takes longer until warm water masses are advected from south towards the Barents Sea Opening.
Our model results agree with results by Dickson et al. (2000) who showed that a positive NAO pattern increases both velocity and temperature of the Atlantic water entering Barents Sea. Also results by Sandø et al. (2010) indicate that the variability in the Barents Sea heat inflow is strongly linked to the NAO.
The corresponding correlations between ocean heat transports and air temperature show warm anomalies in the Barents Sea and surroundings. The correlation pattern between heat transport and T2m looks very similar for the total heat transport into Barents Sea, T 0 V and V 0 T. Also the correlation of the heat transport with sea ice thickness shows high negative values in the Barents Sea.
It is difficult to estimate from our simulations how much of this warming and ice reduction is due to the forcing wind pattern and what part is due to enhanced ocean heat transport. Studies by Sorteberg and Kvingedal (2006) and Koenigk et al. (2009) analyzed sea ice anomalies in the Barents Sea and showed that they are mainly governed by the atmospheric circulation. Regional model results by Å rthun et al. (2012) indicate instead a strong contribution of the ocean heat transport at interannual time scales. Koenigk et al. (2009) found also that the temperature response to isolated ice anomalies in the Barents Sea is mainly concentrated to the Barents and Kara Seas region and does not extend as far southward as in our lag-0 correlation pattern.
Correlations of 11-year running mean values show generally slightly higher correlations but similar spatial patterns (Fig. 5) . However, while the annual mean Barents Sea heat transport seems to be governed by the anomalous SLP pattern, decadal correlations are highest when the heat transport leads by 0-2 years. Thus, it seems likely that the SLP-reduction in the Iceland region is, at least partly, a response towards enhanced northward heat transport, reduced sea ice and increased SST in the northern North Atlantic. Note, that although the correlation values between SLP and heat transport are higher for 11-year running mean values than for annual mean correlations, the simulated SLP-anomaly is substantially smaller due to relatively small decadal SLP-variations compared to the interannual variability. The correlation with 11-year running mean T2m still shows the highest values in the Barents Sea but the entire northern hemisphere is warm during high heat transport into the Barents Sea. The correlation pattern with 11-year running mean sea ice thickness is similar as for annual mean values. Results from a cross spectrum analysis of the Barents Sea ice volume and the ocean heat transport through the Barents Sea Opening by Koenigk et al. (2009) indicate that the ocean heat transport is governing the sea ice on decadal time scales. Figure 6 shows correlations between volume flux driven (V 0 T) and temperature driven (T 0 V) part of the Barents Sea heat flux and SLP and T2m for time series both with and without trend. The correlation patterns with SLP remain rather unchanged in the twenty first century compared to the twentieth century (Fig. 4a-c) : we still find a dipole with negative SLP values around Iceland and over the Greenland Sea and enhanced SLP further south over the North Atlantic and parts of Europe. Also, the correlation is smaller for the temperature driven variations than the velocity driven part at lag 0 but substantially higher when SLP leads by 1 year. We conclude that the processes governing the interannual variations remain the same in future. Furthermore, the trend does not play a dominant role for SLP. This is different for T2m, where the trend clearly dominates the correlation pattern. The correlation of detrended heat transports and T2m values shows similar values in the Barents Sea region and surroundings for the Figs. 4e, f, 6g, h ). The importance of V 0 T for interannual variations of the heat flux into the Barents Sea is reduced in the twenty first century and the correlation pattern with T2m looks like a mainly windinduced anomaly pattern (Fig. 6h) .
Connection between AMOC and heat transports into the Arctic
The North Atlantic meridional overturning circulation (AMOC) is often used as a monitoring index for the northward heat transport. A strong positive AMOC at a given latitude simply reveals that a lot of dense deep waters are being exported southward, and that this export of water is being balanced by more surface waters flowing northward. A high AMOC at high latitudes is therefore expected to be associated with a high surface northward volume transport into the Arctic. Because these Atlantic surface water masses are relatively warm, one might expect that a strong AMOC episode would be associated with more heat being advected into the Arctic Ocean, giving a positive correlation between AMOC and this heat flux. Levitus et al. (2009) found that observed Barents Sea water temperatures are highly correlated to the Atlantic Multidecadal Oscillation index at multi-decadal time scales. Results by Semenov (2008) , based on the global climate model ECHAM5/MPI-OM, showed a significant correlation between Barents Sea inflow and AMOC. On the other hand, recent observations and future model simulations indicate an increase in the northward oceanic heat transport despite a possible reduction of the AMOC. Furthermore, we know from the previous section, that it is the temperature-driven part of the heat flux, and not the volume-driven one, that accounts for most of the increase in the ocean heat transport into the Arctic Ocean. Here, the meridional overturning circulation is computed as the vertical integration (bottom to surface) of the zonally averaged meridional velocity component. Then, the highest value found in a given range of latitude and depth (between 500 and 2,000 m in our case) is selected as the relevant AMOC index in this study. This index is latitudedependent and therefore, we separate what we refer to as the maximum of AMOC (found between 20°N and 60°N) from the AMOC at a fixed latitude such as the AMOC at 60°N.
As shown in Fig. 7 , EC-Earth sustains an AMOC with a mean maximum value between 17 and 18 Sv during the first 100 years of historical simulation. It starts to significantly and steadily weaken in the second half of the twentieth century to reach a value of 13 Sv in 2100 at the end of the RCP8.5 scenario. In the case of the RCP4.5 scenario, the AMOC stops weakening in the second half of the twenty first century and seems to stabilize around 15 Sv. For the whole period and regardless of the scenarios, the maximum of the AMOC is located typically around 30°N and at a depth of about 800 m (not shown). The mean maximum value for the period 1990-2010 is about 17 Sv. This number compares well with the present-day estimates near 24°N found in the literature: 18 ± 2.5 Sv given by Lumpkin and Speer (2007) and 16 ± 2 Sv found by Ganachaud and Wunsch (2000) .
As expected, the AMOC at higher latitudes, 60°N in our case, is weaker and is between 9 and 10 Sv. The same kind of weakening as for the maximum of AMOC is observed, starting in the second half of the twentieth century, but is much less pronounced. At the end of the RCP8.5 scenario, the AMOC at 60°N reaches a minimum of 8 Sv, while the RCP4.5 simulations tend to show a recovery initiated in the In order to analyze if the AMOC is linked to the natural variability of the heat transports, we calculated correlations between AMOC and heat transports for detrended annual and 11-year running mean values. As a whole, correlations between AMOC and heat transports through the Arctic straits are mostly small. Only heat transports through Fram Strait and the Canadian Archipelago show correlations with the AMOC higher than 0.5 and only for the decadal time scale. No significant correlations are found at interannual time-scales.
The highest correlations are found between AMOC and heat transport through Fram Strait at the decadal time scale. They are negative and the highest value, a correlation of -0.73, is obtained with the AMOC at 608N for both for the historical (1850-1950) and the RCP4.5 runs (2000-2100). Curiously, the correlation switches sign in the RCP8.5 scenarios (2000-2100) and is ?0.4.
Regardless of the period and the scenarios studied, the AMOC and the heat transport through the CanadianArchipelago also show noteworthy positive correlations of about 0.6 and up to 0.7 when the heat flux leads the AMOC by 4 years.
The AMOC is unlikely to be directly related to the heat transports itself, but the wind pattern or the freshwater transport might play the role of the hidden variable responsible for these relatively high correlations. As seen in Sect. 3.2, in both the Canadian Archipelago and the Fram Strait, the heat transport variability is mainly governed by the volume flux, and so is the freshwater flux (Koenigk et al. 2007) , which would mean a high correlation between freshwater and heat transport. Heat transports through Fram Strait and Canadian Archipelago are negatively correlated, which is in agreement with the difference of sign in the correlation with AMOC.
As our primary focus is on the Barents Sea, the correlations between the AMOC at different latitudes and the heat and volume fluxes entering the Barents Sea were also extensively investigated. No significant correlations are found; interannual values of the AMOC are just very weakly negatively correlated with the heat transport into the Barents Sea. This tends to prove that the increase of heat transport into the Barents Sea has almost no direct or indirect connections with the intensity of the AMOC, at least in our coupled model.
In contrast to the AMOC, 11-year running means of heat transports through sections across Iceland-Faroe, IcelandNorway and Greenland-Norway are all positively correlated to the Barents Sea heat transport and largest when the Barents Sea heat flux lags with 1 year. Warm water masses are transported from the south to the Barents Sea and before reaching the Barents Sea, they also pass the section between Greenland and Norway. This fits well to the relatively high correlation between SLP and the temperaturedriven part of Barents Sea heat transport when SLP leads by 1 year (compare Sect. 3.3).
Heat budget of the Barents Sea
This section discusses the heat budget of the Barents Sea in detail in order to investigate what happens to the increased heat transport after entering the Barents Sea. This area is the region where the scenario simulations with EC-Earth showed by far the largest future climate change in the Arctic (KEA13): the sea ice concentration is strongly reduced in all seasons, annually averaged air temperature increases by up to 15°C, turbulent upward heat fluxes increase by almost 100 W/m 2 , the atmospheric vertical stability is strongly reduced and annual mean precipitation is enhanced by up to 300 mm/year. Figure 8 shows the boundaries of Barents Sea used in this study directly on the ocean grid. For the sections that are neither zonal nor meridional, the transport of volume and heat are computed across the shortest broken-line connecting the two relevant points (these broken lines are shown in Fig. 8) . Therefore, the transport is computed without any velocity interpolation since either the U-or V-component of the velocity is used, depending on the orientation of the local section. Figure 9a shows that the mass budget in the Barents Sea basin is almost perfectly closed in our simulations. The inflow into the Barents Sea through the Barents Sea Opening is quite stable with about 2 Sv until 1950, thereafter increasing and reaching 3 Sv at year 2000 and 4 Sv at 2040. After 2040, the increase rate declines. Most of the incoming water into the Barents Sea is balanced by exporting water between Franz Josef Land and Novaya Zemlya. In addition, some water is imported through the SvFJ section and exported through the FJa and NZNe sections. The volume fluxes in our twentieth century simulations agree well with results by Å rthun et al. (2012) using a high resolution regional ocean model.
In contrast to the mass balance, the net ocean heat transport into the ocean is not balanced; there is a net flux into the Barents Sea (Fig. 9b, c) . This net flux is dominated by the heat transport through the NoSv section and is strongly increasing until about 2050 in the future simulations. The heat transport through the FJNZ section is a source of heat until 2040, but switches sign thereafter and cancels out all further increase in the incoming heat inflow through the Barents Sea Opening. This is valid for all emission scenarios in EC-Earth. The rapid change in this heat flux can be explained as follows: in the twentieth century, water masses with a temperature below the reference temperature of 0°C are transported out of the Barents Sea through the FJNZ section, being a source of heat for the Barents Sea. Gradually, temperature increases and comes nearer to Tref, balancing out the increasing export of water masses. After about 2030-2040, the increase of the mass transport slows down while the temperature increase accelerates and temperature passes Tref around 2040, leading to an export of heat out of the Barents Sea. The net ocean heat transport into the Barents Sea is almost balanced by the net surface fluxes in our simulations as shown in Fig. 9c . The time series of annual values are highly anti-correlated and the increase of the net ocean heat transport is balanced by increased surface heat fluxes to the atmosphere in the twenty first century. The ocean heat content shows almost as large interannual variations as the net ocean heat transport and the net surface flux but its change is comparably small, although leading to an increase in the ocean heat content in the twenty first century. The budget is not entirely closed and is negative throughout the entire time period. This imbalance is likely due to processes that we did not take into account like ice transport through the boundaries and river runoff as well as uncertainties in the calculation due to the use of monthly mean values instead of higher time resolution.
Å rthun and Schrum (2010) used a regional coupled ice ocean model for analyzing the heat budget of the Barents Sea (17°E-55°E, 71°N-81°N ) in the second half of the twentieth century. They found, similarly to this study, that most of the net ocean heat transport (32TW in their study) is passed to the atmosphere (-34TW), however their values are substantially smaller than ours (about 55TW and -60TW for the same period) and at the lower bound of observational based estimates and model studies (e.g. Mauritzen 1996; Skagseth et al. 2008; Simonsen and Haugan 1996; Å rthun et al. 2012) .
The time evolution of the surface heat flux components over the open sea area of the Barents Sea together with the Barents Sea ice area and the oceanic heat flux at the ice base are shown in Fig. 10 . In the twentieth century, the sea ice area is already strongly reduced and this reduction continues in the twenty first century, leading to almost icefree conditions year-around in the second half of the twenty first century. Interestingly, the differences between simulations based on the high emission scenario RCP8.5 and those based on the RCP4.5 scenario and the RCP2.6 scenario (not shown in Fig. 10 ) are relatively small. The net solar surface radiation is strongly increased until the sea ice has vanished in the middle of the twenty first century. , averaged over the entire Barents Sea domain (black, solid RCP4.5, dashed RCP8.5) and averaged over the ice covered area of the Barents Sea (blue circles, unfilled RCP4.5, filled RCP8.5). Note that the heat flux averaged over the ice area is not shown as soon as the entire Barents Sea is icefree for at least 1 month in the year. Fluxes into the ice are positive
The net long-wave radiation is becoming larger upwards due to warmer temperatures of the surface in the future simulations and cancels most of the increase in the solar radiation. Latent and sensible surface heat fluxes are both of similar size as the net long-wave radiation in the twentieth century. They are also increasing with reduced ice area until the middle of the twenty first century. However, the increase is less pronounced, particularly for the sensible heat flux. KEA13 showed that the maximum of the sensible heat flux follows northward with the ice edge in the twenty first century, thus leading to increased sensible heat fluxes in the northern part of the Barents Sea but decreased fluxes in the southern part of the Barents Sea. The latent heat flux increases also in the northern part of the Barents Sea due to larger open water areas but does not show any reduction in the southern part of the Barents Sea. The results are rather similar independent of the emission scenario.
The oceanic heat flux at the ice base, averaged over the entire Barents Sea stays constant in the twentieth century, despite reduced ice area, but decreases thereafter (Fig. 10c) . However, it is strongly enhanced, particularly from 1980 onwards, if we average over the ice-covered part only. This indicates enhanced bottom melt of the remaining ice in the Barents Sea. Table 1 shows the correlation coefficients among the heat budget components for annual and 11-year running mean values of the detrended twentieth century simulations . The absolute values of the correlation coefficients are very high for correlations among all components of the surface heat fluxes and peak at lag 0 or at a lag of 1 year. Note, that the differences in correlations between consecutive lags are not significant in most cases, particularly not for the 11-year running mean values, where autocorrelations are high for lags up to a few years. All heat flux components are highly correlated to the sea ice area, which seems to govern all the surface heat fluxes: reduced ice area leads to more open water and higher temperature in the Barents Sea, thus increasing upward fluxes of latent and sensible heat and longwave radiation, and the reduced ice area allows for more absorption of solar radiation due to reduced surface albedo.
The sea ice area itself seems to be led by the net ocean heat transport into the Barents Sea and the oceanic heat flux at the ice base. As discussed in Sect. 3.2, variations of the sea ice transport into the Barents Sea are playing an important role for the ice area in the Barents Sea as well at interannual time scales. Large ice transports into the Barents Sea are related to northerly winds, which at the same time reduce the ocean heat transport by cooling water and reducing the volume transport from the south. In parenthesis, the lag in years of the highest correlations is shown; in case the correlation is similar at different lag-times, both correlationscoefficients are presented (positive lags mean that the variable in the horizontal is leading, negative means that the variable in the vertical is leading). SIA sea ice area, OHTnet net ocean heat transport, SHFnet net surface heat flux, SWsurf net net surface solar radiation, LWsurf net net surface long wave radiation, SHF sensible heat flux, LHF latent heat flux, O-I HF ocean to sea ice heat flux Ocean heat transport into the Arctic 3113 3.5 Impact of increased ocean heat transport on the Central Arctic Ocean
The question if enhanced ocean heat transport will directly affect sea ice melt in the Central Arctic Ocean is of large importance for the future development of Arctic sea ice. Here, we analyze vertical sections in the Arctic Ocean and the oceanic heat flux at the ice base. We aim to find out if the stratification and vertical processes in the Arctic Ocean change and allow for a direct contact of the warm inflowing water masses with the sea ice in the Central Arctic Ocean in the future simulations. The oceanic heat flux at the ice base is largest along the ice edges where ice is either transported southward towards relatively warm water masses as in the East Greenland Current and in the Labrador Sea or warm water masses are transported towards the ice edge as in the Barents Sea (Fig. 11 , shown are the heat fluxes for the ice covered part in each grid box). Areas with largest bottom melt are displaced towards the north with the ice edge in the future simulations. At the same time, the area with bottom melt extends from the Barents Sea along the Siberian coast and to a smaller degree also from the Bering Strait along both the North American and Siberian coast. The area of increased basal ice heat fluxes extends gradually further into the Central Arctic.
Increased melting from below is not necessarily caused by enhanced ocean heat transport into the Arctic. It could also be due to more energy input into the upper ocean from the atmosphere. However, since latent and sensible heat fluxes are growing upward in the entire Arctic (see KEA13, Fig. 5 ), radiation would be the only possible source of heat.
Although the net surface radiation is slightly increased in most of the Arctic in the twenty first century (not shown), the pattern differs substantially from the change pattern of the heat flux at the ice base. Also, the net surface radiation increase is too small to explain the entire increase in the basal ice heat flux in the Barents Sea and north of it. However, in the Central Arctic, the changes in net surface radiation are of similar size as the changes in the ocean to ice heat flux and might be the major source for increased bottom melt of sea ice.
To analyze the path of the inflowing warm water in ECEarth in the twentieth and twenty first century, we analyzed vertical sections (Fig. 12) . At the end of the twentieth century, the inflowing Atlantic water has a temperature of about 4°C at 72°N in the Barents Sea. As soon as the water advances to the ice edge it is strongly cooled and mixed down to larger depth forming a warm intermediate layer.
Compared to observations and climatological values (Locarnini et al. 2010) , this layer occurs in the right depth of about 500 m but the vertical temperature gradients connected to this warm layer are not sufficiently pronounced in EC-Earth. The ocean below the intermediate layer is too warm. The Atlantic water is mixed too fast into the deep ocean in our model since it is slightly too dense due to too cold temperatures and slightly overestimated salinity. Similar characteristics of the Arctic water masses are also found in the CCSM4 global model .
Summer and winter conditions differ quite a lot from each other (Fig. 13a, b) . In winter, the northward transported water is cooled by heat release to the atmosphere, sinks down and forms the warm intermediate Atlantic layer. In summer, the upper 50 m are strongly warmed in the Barents Sea and no formation of intermediate Arctic water occurs. The intermediate water layer formed in winter survives summer but is somewhat less pronounced At the end of the twenty first century, the incoming Atlantic water masses are substantially warmer and extend much further to the north (Fig. 13c, d ). This goes along with a displacement of the ice edge to the north. Still, strong cooling and downward mixing occur at the ice edge in RCPs 2.6 and 4.5 and Arctic intermediate water is formed in winter. The temperature gradient near the ice edge is strengthened in winter related to a more rapid transition from ice-free conditions to nearly totally ice covered conditions. In summer, the upper surface layer is warmed in the Barents Sea and, similar to the end of the twentieth century, this warm layer is separated from the warm intermediate water by a layer of cold water, which extends to the south. This layer is increasingly pronounced at the end of the twenty first century. Also, the intermediate water layer is strengthened, which is in agreement to results by Karcher et al. (2003 Karcher et al. ( , 2011 showing that recent pulses of warm Atlantic water lead to a more pronounced intermediate layer of Atlantic water in the Arctic Ocean.
In our RCP8.5 simulations, we see a strong warming at all depths above 1,500 m with the largest warming at the surface. Annual mean sea ice concentration is low along the Ocean heat transport into the Arctic 3115 entire section, indicating an ice-free summer and autumn. The surface waters can thus warm up during summer and might penetrate further into ice covered regions and thus extend the area of bottom melt as seen in Fig. 11 . None of the scenario simulations indicate a general change in processes and there is no indication for enhanced bottom melt in the interior of the Arctic due to enhanced ocean heat transport through the Barents Sea. The heat from the incoming warm water is either passed to the atmosphere, increases ice melt near the ice egde or warms the intermediate layer.
The inflowing water masses through Bering Strait are substantially warmed as well in the twenty first century (Fig. 14) . The warm water is well mixed over the entire depth of the shallow Bering Strait. The horizontal temperature gradient at the ice edge is smaller and annual mean ice concentration is more gradually increasing to the north than in the Barents Sea. This is due to larger variations of the ice edge between summer and winter in this area compared to the Barents Sea. In the twenty first century simulations, the warm water extends further to the north and, in contrast to Barents Sea, it remains near the surface. Thus, it is potentially contributing to enhanced bottom ice melt. An increase of 1 Watt in the ocean heat transport through the Bering Strait contributes probably more efficiently to bottom ice melt than the same increase in the heat transport into the Barents Sea. However, we have to keep in mind that the increase in ocean heat transport into the Barents Sea is about one order of magnitude larger than that through the Bering Strait.
Conclusions
This study analyzed the ocean heat transport into the Arctic in the twentieth and twenty first century in an ensemble of future scenario simulations based on the CMIP5 emission scenarios with the global coupled climate model EC-Earth.
The heat transport to the north simulated in EC-Earth compares relatively well to observational based estimates.
At 70°N, the atmospheric heat transport is one order of magnitude larger than the ocean heat transport but decadal variations are of similar size. Often the decadal variations are partly or totally canceling each other (Bjerknes compensation) ; the correlation between 11-year running mean of oceanic and atmospheric northward heat transport is -0.72 when the ocean leads by 2 years. The atmospheric heat transport across 70°N is reduced by 0.05PW and 0.15PW until the end of the twenty first century in RCP2.6 and RCP8.5, respectively. The transport in the ocean is enhanced by almost exactly the same numbers. The Bjerknes compensation remains nearly unchanged in scenario simulations of the twenty first century.
Variations of the heat transports through the Barents Sea Opening and through Bering Strait are governed by both temperature and volume flux anomalies in the heat transports while the transports through Fram Strait and the Canadian Archipelago are mainly dominated by variations in the volume flux. In the twenty first century, the ocean heat transport into the Arctic is strongly growing mainly due to a strong increase in the heat transport into the Barents Sea. This increase is mainly caused by warming of the northward flowing Atlantic water masses. Variations in the ocean heat transport into the Barents Sea are both in the twentieth and twenty first century related to a NAO? like SLP pattern together with an enhanced SLP gradient across the Barents Sea Opening. This leads to more south-westerly winds over the Nordic Seas and enhances the volume transport and advects warmer water northward towards the Barents Sea.
On decadal time-scales, the heat transport into the Barents Sea seems to lead the SLP by about 1 year indicating a feedback on the SLP from the reduced ice and the warmer SST. The correlations of oceanic heat transport with ice thickness and air temperature are largest in the Barents Sea/ Kara Sea region and the correlation patterns agree well with the climate change patterns in future scenario simulations by Koenigk et al. (2013) . The relation between AMOC and heat and volume fluxes through the Arctic Straits is small and trends are of opposite sign in the twenty first century.
A large fraction of the enhanced oceanic heat transport into the Barents Sea is passed to the atmosphere and warms the atmosphere. The increased heat transport leads also to enhanced heat fluxes at the ice base and contributes to reduced ice area. The reduced sea ice is strongly governing the changes in surface heat fluxes in the Barents Sea by more open sea, enhanced surface temperature and reduced surface albedo. Latent and sensible heat fluxes are increased. The net surface solar radiation is enhanced downward and the net longwave radiation upward, almost canceling each other.
The heat release to the atmosphere in the Barents Sea cools the incoming Atlantic warm water masses, which increase the density and lead to the formation of a warm intermediate layer of Atlantic water in the Arctic. This intermediate layer has no contact to the surface and thus a minor impact on sea ice and atmosphere in the Central Arctic. In the future scenarios, the temperature of the incoming Atlantic water increases and the warm water moves further into the Arctic together with the northward moving ice edge. However, most of the Atlantic warm water is still cooled after advancing to the ice edge and forms a much more pronounced intermediate layer of Atlantic water in the Arctic compared to the twentieth century. From about 2050 onwards, sea ice has almost totally melted in the Barents Sea. As a consequence, surface heat fluxes are not changing much any longer. The increase of ocean heat inflow through the Barents Sea Opening is compensated by enhanced heat outflow between Franz Josef Land and Novaya Zemlya. Our model results show also increased bottom ice melt in the Central Arctic but most likely, this is due to increased net surface radiation input into the upper ocean.
The warm water transported through the Bering Strait into the Arctic has a lower salinity than the Atlantic water and is thus staying near the surface. Consequently, the increase in ocean heat transport through the Bering Strait is more directly increasing sea ice melt at the ice base than the heat transport into Barents Sea, however, the increase in heat transport through the Bering Strait is much smaller.
The northward heat transport into the Arctic differs strongly between the different emission scenarios with much larger increase in the high emission scenarios. In addition, relatively large differences can be seen between simulations using the same emission scenario on decadal scales. This clearly indicates uncertainties in the change signal due to natural variability. An ensemble of three as used in this study is not sufficiently large to capture the entire uncertainty due to natural variability. However, general, the common change signal and the differences between the emission scenarios are by far larger than the natural variability of the heat transports. Interestingly, the responses of ocean heat release and net ocean heat transport in the Barents Sea do not strongly depend on the emission scenario. This strengthens results by Koenigk et al. (2013) indicating that the future climate response in the Barents Sea is less sensitive to the emission scenario than other high-latitude regions.
